We present the measurement of the transverse single-spin asymmetry of weak boson production in transversely polarized proton-proton collisions at √ s = 500 GeV by the STAR experiment at RHIC. The measured observable is sensitive to the Sivers function, one of the transverse momentum dependent parton distribution functions, which is predicted to have the opposite sign in protonproton collisions from that observed in deep inelastic lepton-proton scattering. These data provide the first experimental investigation of the non-universality of the Sivers function, fundamental to our understanding of QCD.
PACS numbers: 24.85.+p, 13.38.Be, 13.38.Dg, 14.20.Dh During the past decade there have been tremendous efforts towards understanding the three-dimensional partonic structure of the proton. One way to describe the 2+1 dimensional structure of the proton in momentum space is via transverse-momentum-dependent parton distribution functions (TMDs) [1] , which encode a depen-dence on the intrinsic transverse momentum of the parton k T in addition to the longitudinal momentum fraction x of the parent proton carried by the parton. There are eight TMDs that are allowed by parity invariance [2] . Of particular interest is the Sivers function [3] , f ⊥ 1T , which describes the correlation between the intrinsic transverse momentum of a parton and the spin of the parent proton. It may be described as the parton density of the vector structure ( P × k T ) · S, where P and S are respectively the proton momentum and spin vectors. In p + p collisions in which one of the proton beams is transversely polarized, the Sivers function can be accessed through measurements of the transverse single-spin asymmetry (TSSA) in Drell-Yan (DY) or W ± /Z 0 boson production, which is defined as:
is the cross section measured with the spin direction of the proton beam pointing up (down).
In addition to providing access to the threedimensional structure of the nucleon, there are nontrivial predictions for the process dependence of the Sivers function stemming from gauge invariance. In semiinclusive deep inelastic scattering (SIDIS), the Sivers function is associated with a final-state effect through gluon exchange between the struck parton and the target nucleon remnants [4] . In p + p collisions, on the other hand, the Sivers asymmetry originates from the initial state of the interaction for the DY process and W ± /Z 0 boson production. As a consequence, the gauge invariant definition of the Sivers function predicts the opposite sign for the Sivers function in SIDIS compared to processes with color charges in the initial state and a colorless final state, such as
This non-universality of the Sivers function is a fundamental prediction from the gauge invariance of the theory of Quantum Chromo-Dynamics (QCD) and is based on the QCD factorization formalism [5, 6] . The experimental test of this sign change is a crucial measurement in hadronic physics [7] , and will provide an important test of our understanding of QCD factorization. DY and W ± , Z 0 production in p + p collisions provide the two scales required to apply the TMD framework to transverse single-spin asymmetries. A hard scale is given by the photon virtuality (Q 2 ) or by the mass of the produced boson (M 2 ∼ Q 2 ), while a soft scale of the order of the intrinsic k T is given by the transverse momentum. While a measurement of the TSSA in Drell-Yan production at forward pseudorapidities (η > 3) is experimentally very challenging, requiring severe background suppression and substantial integrated luminosity, a TSSA measurement in weak boson production offers several unique advantages. Due to the high Q 2 ≃ M 2 W/Z scale provided by the large boson mass (M W/Z ), the measurement of the TSSA amplitude (A N ) in weak boson production provides a stringent test of the evolution of the TMDs [8] , which like for other asymmetries are expected to partially cancel in the ratio of polarised and unpolarised cross section. The rapidity dependence of A N for the W + (W − ) boson, which is produced through u +d (d +ū) fusion, provides an essential input to reduce the uncertainty on the Sivers function for light sea quarks. That Sivers function, determined by fits to SIDIS data [8] in a Bjorken-x range where the asymmetry of thē u andd unpolarized sea quark densities [9] can only be explained by strong non-perturbative QCD contributions, is essentially unconstrained.
The A N of the lepton produced in W ± decay is predicted [10, 11] to vary rapidly with the lepton kinematics, having a non-zero value in only a narrow region in lepton transverse momentum and pseudorapidity. On the other hand, the asymmetry is predicted to have a sizable value over a large range of the produced boson kinematics [11] , its actual magnitude depending on the TMD evolution [8] . Therefore, in measuring A N , it is preferable to fully reconstruct the W boson.
In this letter, we report the measurement of A N for weak bosons in proton-proton collisions at √ s = 500 GeV with transversely polarized beams by the STAR experiment at RHIC. The data sample used in this analysis was collected in the year 2011, and corresponds to a recorded integrated luminosity of 25 pb −1 . The beam polarization was measured using Coulomb-nuclear interference proton-carbon polarimeters, calibrated with a polarized hydrogen gas-jet target. The average beam polarization for the data set used in the present analysis was 53%, with a relative scale uncertainty of ∆P/P = 3.4% [12] . The subsystems of the STAR detector [13] used in this measurement are the Time Projection Chamber (TPC) [14] , providing charged particle tracking for pseudorapidity |η| ≤ 1.3, and the Barrel Electromagnetic Calorimeter (BEMC) [15] , covering the full azimuthal angle φ for |η| < 1.
In this analysis, data were recorded using a calorimeter trigger requirement of 12 GeV of transverse energy E T in a ∆η × ∆φ region of ∼ 0.1 × 0.1 of the BEMC. Based on STAR previous analyses of weak boson longitudinal spin asymmetries [16] and cross sections [17] , we selected a data sample characterized by the W → eν signature, requiring an isolated electron with P e T > 25 GeV/c within the BEMC acceptance (|η| < 1). In reconstructing the momentum of the decay electron, its energy was measured in the BEMC and its trajectory using the TPC.
To ensure the isolation of the decay electron, it is required that the ratio of the sum of the electron momentum and energy, (P e + E e ), over the sum of the momenta and energies of all the particles contained in a cone with a radius R = (η 2 + φ 2 ) = 0.7 around the decay electron track, Σ Rcone=0.7 [P tracks + E cluster ], must be larger than 0.9. All tracks must come from a single vertex with |Z vertex | < 100 cm.
We define the variable P T -balance, P bal T , as the vector sum of the decay electron candidate P e T and the transverse momentum of the hadronic recoil, P recoil T . The latter is calculated as the vector sum of the transverse momenta of all tracks with P T > 200 MeV/c, excluding the decay electron candidate, and the E T of all clusters in the BEMC without a matching track and with an energy above the noise threshold of 200 MeV. In order to reject QCD background events the scalar variable ( P bal T · P e T )/| P e T | is required to be larger than 18 GeV/c. After applying all the selection criteria, the remaining electron candidates are sorted by charge. Charge misidentification was minimized by requiring that the lepton transverse momentum, P e−track T , as measured by the TPC track, satisfies the condition 0.4 < E e T /P e−track T < 1.8 for both charge signs. The contamination from incorrectly assigned events is estimated to be 0.004%. The selection yields final data samples of 1016 W + events and 275 W − events for 0.5 GeV/c < P W T < 10 GeV/c. In this work, the W ± kinematics were, for the first time, fully reconstructed for a spin observable, following the analysis techniques as previously used at the Tevatron and LHC experiments, e.g., see [18] . In reconstructing the boson kinematics, the momentum of the neutrino produced in the leptonically decayed W → l + ν can only be deduced indirectly from transverse momentum conservation:
. At the STAR detector, due to its limited pseudorapidity acceptance, the challenge with measuring the momentum from the hadronic recoil is that particles at high pseudorapidities are not detected. However, particles at high pseudorapidity typically carry only a small fraction of the total transverse momentum. The unmeasured tracks and clusters are accounted for by using an event-by-event Monte Carlo (MC) correction to the data. The correction factor c i to the measured W transverse momentum in the i-th bin is defined as
where P W T,i (true) is the P T of the W generated by the MC and P recoil T,i (reconstructed) is the P T of the recoil reconstructed in each i-th bin after a full simulation of the detector and applying all the selection requirements. For each event, the measured value of the boson P T was corrected by randomly sampling a value from the corresponding P T -bin of the normalized correction factor distribution.
In identifying the hadronic recoil from the tracks and clusters, events are rejected if the total P recoil T < 0.5 GeV/c, a region where the correction factor becomes large and has a broad distribution. The MC simulation using PYTHIA 6.4 [19] with the "Perugia 0" tune [20] shows that after the correction has been applied, the reconstructed P T of the W boson agrees with the independent prediction from RhicBOS [21] , as shown in Fig. 1 . The MC samples have been passed through the GEANT 3 [22] simulation of the STAR detector and are embedded into events from a zero-bias trigger.
Knowing its transverse momentum, the longitudinal component of the neutrino's momentum, P ν L , can be reconstructed, solving the quadratic equation for the invariant mass of the produced boson
where the nominal value of the W mass is assumed. distribution of events simulated with PYTHIA 6.4 and reconstructed before (yellow) and after (hatched green) the PT correction has been applied, is compared with predictions from RhicBOS (dashed blue).
+ (B/S) 1.89% ± 0.04% 0.79% ± 0.03% 1.6% ± 0.09% W − (B/S) 1.77% ± 0.10% 2.67% ± 0.10% 3.39% ± 0.23% final leptons is not detected; and events with an underlying 2-to-2 parton scattering (QCD events). The first two sources have been evaluated using MC samples simulated with PYTHIA 6.4 using the "Perugia 0" tune. To estimate the relative contribution from background, the MC samples have been normalized to the W + and the W − data samples according to the collected luminosity. In estimating the background from QCD events, we adopted the same "data-driven" technique used in previous STAR publications on W ± production [16, 17] , reversing the selection criterion on ( P bal T · P e T )/| P e T | in order to select a data sample dominated by background. All background sources have been estimated to be at most a few percent of the selected sample, as reported in Table I and shown in Fig. 2 .
In the present work A N was also measured for Z 0 production, which is expected to be of the same magnitude [23] as for the W ± boson and equally sensitive to the sign change of the Sivers function. The Z 0 bosons have a background with negligible impact to the spin asymmetry measurement and the kinematics are easily reconstructed from the two decay leptons produced within the acceptance of the STAR detector. Thus, the measurement is very clean and carries only the overall systematic uncertainty arising from the polarization measurement. The only experimental challenge is the much lower cross section of the Z 0 → e + e − process, leading to poor statistics. The Z 0 → e + e − events have been selected requiring two electrons with P T > 25 GeV/c, of opposite charge, and with an invariant mass within ±20% of the Z 0 mass value. Only 50 events remained after applying all the selection criteria.
For each y W and P W T bin, the data sample was divided into eight bins of the azimuthal angle φ of the produced boson, and the amplitude A N of the cos(φ) modulation was extracted fitting the following distribution, which to first order cancels out false asymmetries due to geometry and spin-dependent luminosity differences [24] A
where N is the number of W + , W − , or Z 0 events reconstructed in collisions with an up/down (↑ / ↓) beam polarization orientation, and P is the average beam polarization magnitude. Definining the up transverse spin direction S ⊥ along the y-axis, and the direction of the polarized beam p beam along the z-axis, the azimuthal angle is defined by
The results for A N in W + and W − production are shown in Fig. 3 as a function of P W T (upper-left plot) and the W rapidity, y W (bottom plots). The absolute resolution in each of the three y W -bins has been estimated to be ∼ 0.2 − 0.3, whereas the relative resolution on P W T decreases from ∼ 50% in the first bin down to ∼ 30% in the last bin. The systematic uncertainties, shown separately by the shaded error bands in Fig. 3 , have been evaluated via MC. Events simulated by PYTHIA have been re-weighted as a function of P W T and y W with the asymmetries as calculated by EIKV [8] by comparing the generated and reconstructed distributions. The 3.4% scale uncertainty on the beam polarization measurement is not shown in the plots.
For the Z 0 production, due to the low counts in the sample, A N was extracted for a single y Z , P Z T bin, following the same procedure used for the W ± , as shown in Fig. 3 (upper-right plot) . The solid gray bands in Fig. 3 (lower panels) represent the uncertainty due to the unknown sea quark Sivers functions estimated by saturating the sea quark Sivers function to their positivity limit in the KQ [11] calculation. This analysis has yielded first measurements of a transverse spin asymmetry for weak boson production. The A N results as a function of y W , shown in Fig. 3 (bottom plots), are compared with theory predictions from KQ, which does not account for TMD evolution, and from EIKV [8] . The latter is an example among many TMDevolved theoretical calculations (e.g., see [25] ), though EIKV predicts the largest effects of TMD evolution among all current calculations. Therefore, the hatched area in Fig. 3 represents the current uncertainty in the theoretical predictions accounting for TMD evolution. In contrast to DGLAP [26] evolution used for collinear parton distribution functions, TMD evolution contains, in addition to terms directly calculable from QCD, also nonperturbative terms, which need to be determined from fits to experimental data. A consensus on how to obtain and handle the non-perturbative input in the TMD evolution has not yet been reached [27] ; therefore the results presented here can help to constrain theoretical models. A combined fit on W + and W − asymmetries, A N (y W ), to the theoretical prediction in the KQ model (no TMD evolution), shown in Fig. 4 , gives a χ 2 /ndf = 7.4/6 assuming a sign-change in the Sivers function (solid line) and a χ 2 /ndf = 19.6/6 otherwise (dashed line). The current data thus favor theoretical models that include a change of sign for the Sivers function relative to observations in SIDIS measurements, if TMD evolution effects are small. 
